1. Electrophysiological measurements of Ca21 influx using patch clamp methodology were combined with fluorescent monitoring of the free intracellular calcium concentration ([Ca2+] (Augustine, Charlton & Smith, 1987 (Katz & Miledi, 1967). Indeed, the relationship between calcium influx occurring through voltage-dependent calcium channels and the initiation of exocytotic secretion has been extensively investigated for nerve terminals in both vertebrate and invertebrate preparations (Llinas, Steinberg, & Walton, 1976; Lindgren & Moore, 1991) . Moreover, significant efforts have been made to characterize the specific voltage-dependent calcium channels involved in secretion and to elucidate mechanisms of their hormonal and second messenger regulation (Dayanithi et al. 1988; Obaid, Flores & Salzberg, 1989; Turner, Adams & Dunlap, 1992; Artalejo, Adams & Fox, 1994) . While voltage-dependent calcium influx has been studied extensively, the involvement of additional mechanisms to increase [Ca2+]i in nerve terminals including, potentially, mobilization of calcium from inositol 1,4,5-trisphosphate (JP3), calciumsensitive intracellular stores (e.g. calcium-induced calcium release) or secretory granules is less well understood. There have, however, been several reports demonstrating an increase in spontaneous and evoked neurotransmitter release at the neuromuscular junction in response to caffeine, thereby implicating a mechanism of calcium-induced calcium release (Onodera, 1973; Wilson, 1973) .
E. L. Stuenkel
A number of diverse cellular functions are under strict regulation by the intracellular free calcium concentration ([Ca2+] i). For nerve terminals a change in the [Ca2+] i is the critical event required to initiate the impulse-mediated exocytotic release of neurotransmitter or neurohormone (Augustine, Charlton & Smith, 1987) . The strict reliance of neurotransmitter and neurohormone release on a change in [Ca2+] i suggests that the mechanisms that operate to regulate the amplitude, shape and duration of the cytosolic calcium signal in nerve terminals are of great importance. These mechanisms can be grouped largely into those that mediate an increase in [Ca2+] i and those that operate in a restorative fashion to reduce [Ca2+] i to basal or resting conditions. Voltage-dependent calcium channels are primarily responsible for calcium influx that is associated with action potential invasion of the nerve ending (Katz & Miledi, 1967) . Indeed, the relationship between calcium influx occurring through voltage-dependent calcium channels and the initiation of exocytotic secretion has been extensively investigated for nerve terminals in both vertebrate and invertebrate preparations (Llinas, Steinberg, & Walton, 1976; Lindgren & Moore, 1991) . Moreover, significant efforts have been made to characterize the specific voltage-dependent calcium channels involved in secretion and to elucidate mechanisms of their hormonal and second messenger regulation (Dayanithi et al. 1988 ; Obaid, Flores & Salzberg, 1989; Turner, Adams & Dunlap, 1992; Artalejo, Adams & Fox, 1994) . While voltage-dependent calcium influx has been studied extensively, the involvement of additional mechanisms to increase [Ca2+] i in nerve terminals including, potentially, mobilization of calcium from inositol 1,4,5-trisphosphate (JP3), calciumsensitive intracellular stores (e.g. calcium-induced calcium release) or secretory granules is less well understood. There have, however, been several reports demonstrating an increase in spontaneous and evoked neurotransmitter release at the neuromuscular junction in response to caffeine, thereby implicating a mechanism of calcium-induced calcium release (Onodera, 1973; Wilson, 1973) .
Neurons possess a number of mechanisms to restore resting calcium levels and to very rapidly and efficiently buffer calcium challenges that occur to evoked calcium influx or possibly to intracellular calcium mobilization (Baker & McNaughton, 1976; Requena & Mullins, 1979; Ahmed & Conner, 1988) . These homeostatic mechanisms can be generally categorized into (1) cytosolic or membrane delimited proteins which bind calcium, (2) ATP-dependent calcium pumps of the plasnma membrane and of intracellular compartments, andl (3) non-ATP-dependent calcium transporters, such as the electrogenic plasma membrane Na'-Ca2+ exchanger and mitochondrial Ca2+ uptake. The presence of these mechanisms in nerve terminals has been well documented, although the relative contribution of each to calcium homeostasis is not clear and may vary considerably among nerve terminal types (Blaustein, Ratzlaff & Schweitzer, 1978b; Nordmann & Zyzek, 1982; Nachshen, 1985; Nicholls, 1989) . Recently, calcium buffering characteristics in neuronal somata and in the neuroendocrine chromaffin cells have been reexamined at the single cell level using combined electrophysiological recording of evoked calcium currents simultaneously with optical monitoring of [Ca2+] i (Thayer & Miller, 1990;  . These studies have demonstrated that calcium entering during a step depolarization is rapidly buffered by high-capacity buffering mechanisms, and allow definition of the various buffering components at the single cell level. In spite of the critical importance of understanding calcium dynamics in nerve terminals similar studies have been difficult, especially at the level of single vertebrate nerve endings, largely as a result of size limitations and heterogeneity of terminal preparations. Therefore, the relationship between calcium influx and the cytoplasmic calcium buffers of nerve terminals is not well understood.
In the present study we have characterized the endogenous cytoplasmic buffer capacity of single nerve endings of the rat neurohypophysis and investigated the relative importance of Ca2+ homeostatic mechanisms. The studies use combined electrophysiological and optical approaches for evaluating Ca2+ regulation. We have observed that the neurosecretory nerve endings contain three distinct Ca2+ buffering mechanisms. One exhibits high-affinity, proportional Ca2+ binding, a second is a high-capacity buffering mechanism that becomes operative once a [Ca2+]i set point is reached and a third is represented by energy-dependent Ca2+ efflux. No evidence for mobilization of Ca2+ from intracellular stores or of intracellular ATP-dependent Ca2+ uptake was found. We conclude by suggesting that the Ca2+ buffering characteristics of the nerve endings, when considered with previous electrophysiological and secretory data on these nerve endings, may explain the importance of phasic impulse bursting to potentiation of release of the neuropeptides oxytocin and vasopressin from this system. A portion of these results have appeared in abstract form (Stuenkel, 1993) .
METHODS
Preparation of isolated nerve endings Experiments were performed on isolated nerve endings of the neural lobe of the pituitary prepared from male Sprague-Dawley rats (225-325 g) as described previously (Cazalis, Dayanithi & Nordmann, 1987) . The animals were killed by CO2 asphyxiation, decapitated and the pituitary isolated. Following removal of the anterior lobe and the pars intermedia the neural lobe was very briefly homogenized in 100 ,A of buffer containing (mM): sucrose, 270; EGTA, 2; Hepes, 10; with pH adjusted to 7 0 with Tris. The resulting homogenate was directly aliquoted onto a glass coverslip forming the bottom of an open recording chamber. Following a 5 min peiiod, during which the nerve endings settled and adhered to the chamber bottom, a continuous flow of physiological saline (15-2 ml min-) through the chamber was begun. The physiological saline solution (PSS) consisted of (mM): NaCl, 140; KHCO3, 5; MgCl2, 1; CaCd2, 2-2; glucose, 10; and NaOH-Hepes; with pH adjusted to 7-2. The recording chamber was of elliptical shape, with a solution volume of 100 Iul and included baffles on the influx and efflux ports to produce nearly laminar flow over the isolated nerve endings. The flow rate was sufficient to remove from the recording chamber, over a period of 20 min, non-adhered nerve endings, red blood cells and incompletely dissociated tissue resulting from the homogenization. Rapid change in the superfusion solution was accomplished through use of an 8-port distribution valve connected, at the chamber inflow, to a series of solution reservoirs. Measurements of chamber turnover by fluorescence spectroscopy showed that a 1000-fold change in probe concentration within the chamber was accomplished in 10 s. The isolated nerve endings adheiing to the coverslip were spherical and primarily of small diameter (<2 #tm), although a small number of nerve endings could routinely be found whose diameters were in the 6-12 /um range. It is these larger diameter isolated nerve endings upon which the experiments were performed. Identification of these structures as nerve endings is based on morphological (electron microscopy), immunocytochemical and physiological (arginine vasopressin secretion) evidence (Nordmann, Dayanithi & Lemos, 1987) . They can easily be distinguished from the small number of pars intermedia cells retained in the preparation as the intermediate cells possess a nucleus and are generally of larger and more uniform diameter.
[Ca2+]i measurements Mieasurements of [Ca2+]i were performed on single isolated nerve endings loaded with the fluorescent Ca2+ indicator fura-2 in a manner similar to that described previously (Stuenkel, 1990; Stuenkel & Nordmann, 1993a) . In those experiments using simultaneous patch clamp electrophysiological measurements, fura-2 was loaded into the nerve ending by inclusion of fura-2 (potassium salt, 150 /SM) in the pipette solution. In other experiments loading of the nerve endings with the indicator was accomplished by adding 1 ,UM of the acetoxymethyl ester of fura-2 (fura-2 AM) in dimethyl sulphoxide carrier (01% final concentration) to the PSS and flowing it over the nerve endings for a period of 20 min at 37 'C. The nerve endings were then rinsed with PSS for a period of 20 min before commencement of [Ca2+]i monitoring.
The cytosolic fura-2 concentration attained using this latter approach was estimated at 150 /tm based on comparison of resulting fluorescence intensity with that occurring by direct fura-2 loading via the patch pipette. In both types of experiments the chamber was mounted on the stage of an inverted microscope (Nikon Diaphot) that was coupled to a photomultiplier-based AR-CAI fluorescent system (SPEX Industries, Edison, NJ, USA). Single nerve endings were focused using a x40 oil immersion epifluorescent objective (Nikon Fluor, NA 13) and optically masked from surrounding regions and from the recording patch pipette using a pinhole diaphragm. Nerve endings were illuminated with a 150 W xenon lamp, followOing passage through a digitally controlled chopper wheel, which in turn selected light that passed through 340, 365 or 380 nm excitation filters (full width halfmaximum equal to 10 nm for 340 and 380 nm filters, 7 nm for 365 nm filter). Emitted (Hamill, Marty, Neher, Sakmann & Sigworth, 1981) There exist a number of limitations of the methodological strategies used here for defining nerve terminal Ca2+ buffers. Use of the whole-cell recording configuration can rapidly dialyse diffusible Ca2+ buffers or, as a result of the pipette solution used, alter the properties of those Ca2+ buffers that remain (Zhou & Neher, 1993 and peaked at approximately 150 pA within 1P2 ms of the applied step depolarization. Under the recording conditions used, the inward current is nearly completely represented by inward Ca2+ current through voltage-sensitive Ca2+ channels. This is evidenced by complete block of the evoked current in the presence of 100 ,/M Cd2+ added to the external medium and recovery of the inward current on removal of the Cd2+ (Fig. 1A ). Inward currents evoked under similar ionic conditions were also sensitive to reduction or elevation of the external calcium concentration in a manner consistent with the current being carried by Ca2+ ions (see Fig. 3 (Stuenkel & Nordmann, 1993a (Moore, 1971) . Step depolarizations to -10 mV were applied from a holding potential of -90 mV. The interpulse duration was 2 s. . The methodological approach is based on competition for Ca2+ between the endogenous buffer and fura-2 introduced into the cell as an exogenous Ca2+ buffer via a patch pipette. Figure 9 shows the effects of loading 800 /LM fura-2 into a nerve terminal on step depolarization-induced changes in [Ca2+]1. Measurement of emitted light intensity at 360 nm monitors the time course of fura-2 dialysis from the pipette into the terminal cytoplasm, reaching a plateau when the pipette and cytoplasmic fura-2 concentrations are equal. The rate of fura-2 loading of the nerve ending on transition from a cell-attached to whole-cell recording configuration could be fitted with a single exponential allowing estimation of the fura-2 concentration at the time of the applied step depolarizations (Fig. 9B) . The -r ICa from the first and last applied step depolarization (Fig. 9D) (Fig. lOB) and [1] [2] [3] [4] [5] [6] [7] (Fig. lOD) (Nordmann & Zyzek, 1982; Nicholls, 1989 pumps are either not a major pathway of [Ca2+]i regulation in these secretory nerve terminals or that the intracellular Ca2+ pumps in these nerve endings are of different pharmacological sensitivity than those characterized from a wide variety of cell types. An additional series of experiments investigated the possibility that these secretory nerve endings possess a caffeine-or ryanodine-sensitive intracellular calcium store. These compounds have been routinely used to indicate the presence of a calcium-induced calcium release (CICR) mechanism and will act to discharge this intracellular calcium pool. The presence of a such a pool could act to augment the [Ca2+]i signal during Ca2+ influx as well as to participate in Ca2+ sequestration. Treatment of the nerve endings with caffeine or ryanodine either alone ( Fig. 14D and E proportion to the applied frequency up to 25 Hz ( Fig. 15A and B). Moreover, the rate of rise in [Ca2+]i increased as the stimulation frequency increased. However, when a constant number of pulses were given over the same frequency range, 40 Hz stimulation gave consistently lower increases in [Ca2+]i than did 10 Hz stimulation on steps from -90 but not from -50 mV holding potentials ( Fig. 15C and D) . Note that stimulation at frequencies as low as 1 Hz resulted in a noticeable increase in the [Ca2+]i.
In response to physiological demand for vasopressin and oxytocin the magnocellular neurones in the hypothalamus exhibit a change in their impulse firing pattern from a slow tonic firing to a phasic discharge pattern (Poulain & Wakerley, 1982) . The oxytocin and vasopressin neurones show characteristically different phasic impulse patterns. An oxytocin-containing cell can undergo a bursting discharge of impulses reaching frequencies as high as 80 Hz for 0 5 to 4 s, whereas vasopressin-containing cells characteristically show a lower mean phasic impulse firing frequency of approximately 13 Hz over a period averaging 26s. The effect of step depolarizations mimicking the average impulse discharge frequency and duration of an AVP neurone on [Ca2+] i is shown in Fig. 15E . Onset of the step depolarizations led to a rapid rise in [Ca2+] process became apparent when the Ca2+ load applied to a nerve ending raised [Ca2+]i within a given concentration range. This buffering mechanism was of lower affinity but of high capacity and was found to be sensitive to the mitochondrial Ca2+ uptake inhibitor Ruthenium Red. A third buffering mechanism was represented by energydependent Ca2+ efflux from the nerve ending. Repetitive step depolarizations, mimicking in frequency and duration the phasic discharge of impulses occurring in AVP neurones (Poulain & Wakerley, 1982) Multiple sites of Ca2+ buffering have been previously reported based largely on radiotracer flux measurements of studies of intact and disrupted axonal or synaptosome preparations. The buffering mechanisms identified include cytosolic proteins that exhibit specific binding for Ca2+ (Van Eldik, Zendegui, Marshak & Watterson, 1982) and binding to Ca2+ transport proteins such as Na+-Ca2+ exchange (Blaustein & Ector, 1976) and ATP-dependent Ca2+ pumps (Blaustein, Ratzlaff, Kendrick & Schweitzer, 1978a) . In addition, cytosolic Ca2+ loads in nerve endings have been reported to be buffered by Ca2+ sequestration into both mitochondrial and non-mitochondrial intracellular compartments (Blaustein et al. 1978a, b) . The relative contribution of these various buffering components in determining the amplitude, shape and duration of an induced Ca2+ load, as occurs physiologically during action potential invasion of the nerve terminal, remains unclear. Moreover, the mechanisms involved may vary with the specific nerve ending type. For example, substantial variation exists among studies with regard to the importance ascribed to Na'-Ca2+ exchange activity in recovery from Ca2" loads and in regulating the resting [Ca2+] i (Nachshen, 1985; Nicholls 1989) . In addition, while ATP-dependent Ca2+ sequestration into intracellular compartments has been suggested from studies on disrupted synaptosome preparations (Blaustein, Ratzlaff & Schweitzer, 1978 b ) the generality and the subcellular site of this mechanism remains unclear. The results of the present study, and of our previous work (Stuenkel, 1990) (Thayer & Miller, 1990) and in isolated squid axons (Brinley, Tiffert, Scarpa & Mullins, 1977 Pusch & Neher (1988) for rates of diffusional exchange between a cell and a patch pipette and assuming a series conductance of 100 nS. The diffusional characteristics of this endogenous Ca2+ buffer are similar to those previously detailed for chromaffin cells (Nordmann, 1977) .
Calcium accumulation by mitochondria results from the generation of an electrochemical gradient via operation of the electron transport chain. The relevance of this mechanism at [Ca2+] i that occur over the physiological range has been repeatedly discussed (Brinley et al. 1977; Blaustein, Ratzlaff & Schweitzer, 1978 b; Nicholls, 1989 (Nicholls, 1989) . Our previous work (Stuenkel & Nordmann, 1993 b) (Nicholls, 1989 (Cazalis, Dayanithi & Nordmann, 1985; Nordmann & Stuenkel, 1986) . Interestingly, application of step depolarizations that mimic, in mean frequency and duration, the impulse firing during AVP-like bursts raised [Ca2+] i to levels where mitochondrial buffering may occur.
Furthermore, the increase in [Ca2+]i observed here is likely to underestimate the averaged cytosolic [Ca2+]i increase in intact nerve endings during action potential invasion as a result of broadening of action potentials in these nerve endings during repetitive firing (Bourque, 1990) (Fig. 14A and Stuenkel & Nordmann, 1993b) suggests that calcium sequestered intracellularly during stimulation is given up from these stores following stimulation and effluxed from the nerve ending.
Ca2" mobilization from intracellular stores Mobilization of calcium from intracellular stores can occur through activation of calcium channels gated by 1P3, cADP-ribose or calcium, the latter being sensitive to ryanodine and caffeine. Multiple isoforms of both 1P3 and ryanodine receptors have been reported in neural tissue and a number of reports have demonstrated their involvement in receptor-or depolarization-mediated Ca2+ signals in neural cells (Kuba & Nishi, 1976 , Friel & Tsien, 1992 . In addition, secretory granules often have a high intragranular Ca2+ content, a fraction of which may exist as free calcium ions and which may, potentially, be altered by secretory stimuli (Nicaise, Maggio, Thirion, Horoyan & Keicher, 1992 Relevance of Ca2`buffering mechanisms to neurohormone secretion
In conclusion, the results of this paper demonstrate the existence of three distinct endogenous Ca2+ buffer components in neurohypophysial nerve endings. These data may explain the importance of phasic impulse bursting to potentiation of release of the neuropeptides oxytocin and vasopressin from this system. An induction of cell-specific impulse bursting patterns is characteristic of the magnocellular neurosecretory cells in response to physiological demand for release of vasopressin or oxytocin (Poulain & Wakerley, 1982) . The rhythmic bursting leads to potentiation of vasopressin secretion over a pattern of continuous stimulation containing the same number of stimuli. A number of characteristics of the recurring periods of phasic impulse firing are important for the potentiating effects on release, including impulse frequency within the burst, burst duration and the silent period between bursts (Cazalis, Dayanithi & Nordmann, 1985 (Stuenkel & Nordmann, 1993a) . In addition, analysis of the secretory characteristics from single neurohypophysial nerve endings, by monitoring of membrane capacitance simultaneously with measurements of intracellular calcium, suggest that spatially averaged [Ca2+]i levels within the range of 500-700 nm accompany the induction of exocytosis (Lindau, Stuenkel & Nordmann, 1992 (Stuenkel & Nordmann, 1993a (Nordmann & Stuenkel, 1986; Stuenkel & Nordmann, 1993a 
